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Semi In Situ Synthesis of NHTS: A New Hollow Titanium Silicalite Modified
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A new hollow titanium silicalite with a noble metal incorpo-
rated into it (denoted as NHTS) was synthesized by a semi in
situ method. This NHTS has intraparticle voids and exhibits
bifunctional catalytic performance. It was characterized by
various techniques, and its catalytic performance for the di-
rect epoxidation of propylene was investigated. The results

show that NHTS, with a highly ordered MFI topological and
hollow structure, together with a noble metal, can be em-
ployed in catalytic oxidations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Onsite hydrogen peroxide (H,O,, HP) production fol-
lowed by HP conversion to organic oxides without refining
(namely direct oxidation technology, one-pot process) is re-
garded as an attractive route for the production of organic
oxides, and has the potential to reduce the initial capital
needed and to reduce production costs.[-*! The key point of
direct oxidation technology is the design and preparation
of the catalysts used therein, which are bifunctional and
mostly consist of noble metals and titanium silicalite. At
present, the main difficulty of the process is to increase the
efficiency of HP synthesized in situ,’] which makes the pro-
cess economically unviable for the moment. Therefore the
aim is to improve the efficiency of HP production, by pre-
paring new catalysts or renewing customary catalysts, and
to simultaneously maintain the oxidation activity of tita-
nium silicalite.[*>!

In most heterogeneous catalytic oxidations, diffusion is
the main factor that influences the catalytic reactions. The
use of porous catalysts, for example zeolites, allows rapid
diffusion of the products out of the particles, but the pres-
ence of micropores in the particles might limit the diffusion
of the reactant molecules to internal catalytic sites. As far
as we know, with the same particle size and pore radii for
porous catalysts, molecular diffusion in catalysts with hol-
low structures occurs at a faster rate than that in catalysts
with a solid structure, as molecular diffusion to internal
active sites is limited to a lesser extent.'>”1 One object of
our research is to design and prepare such porous catalytic
materials with hollow structures. Here, we provide another
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new hollow-structure titanosilicate that acts as a bifunc-
tional catalyst, which is synthesized by the addition of no-
ble metals to the mixture, with the formation of an interme-
diate, under basic conditions. This method is called the
“semi in situ” method and is one in which the new hollow
titanium silicalite has a noble metal incorporated into it
(denoted as NHTS, a new titanium silicalite modified by
a noble metal). The sample was characterized by various
techniques and its catalytic performance for the epoxidation
of propylene with H, and O, as oxidants was also investi-
gated.

Results and Discussion

The results of the XRF analysis of NHTS is as follows:
PdO 0.48%, SiO, 97.80%, and TiO, 1.72%. These results
indicate that the incorporation of Pd within the framework
of titanium silicalite does not break its chemical composi-
tion represented in the oxide form.

The X-ray diffraction pattern of NHTS is shown in Fig-
ure 1(a). The main diffraction peaks are those for the typi-
cal TS-1 molecular sieves with an MFI topological struc-
ture.®°1 This result indicates that the combination of Pd
into the framework of TS-1 has no influence on its crystal
structure. The relative crystallinity of NHTS is calculated
according to the method described in the literature!'®l with
TS-1 as a standard sample. There are only slight intensity
differences between them, which indicates that the incorpo-
ration of Pd does not severely affect its ordering. Further-
more, it can be seen that the XRD pattern does not show
any obvious characteristic signals for noble metal Pd, which
indicates the very high dispersion of Pd into NHTS.[!!-12]
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Figure 1. (a) XRD pattern, (b) FTIR spectra, (c) UV/Vis spectra,
and (d) XPS Pd 3d spectra of NHTS.

Figure 1(b) shows the FTIR spectra of NHTS, the main
absorption bands are observed at 550, 800, 1100, and
1230 cm™!, which is in agreement with those in the FTIR
spectra of TS-1 with a MFI structure reported in the litera-
ture.'3 It is well known that an absorption band near
960 cm ! is assigned to the stretching mode of the [SiO,]
tetrahedral bond with Ti atoms and may be considered as
the fingerprint of framework titanium.!'¥! For our NHTS,
the characteristic “fingerprint” band at about 960 cm™! is
clearly detected; however, the peak shifts to 969 cm™!. This
is likely caused by the change of the coordination structure
or by the vibration of Ti'V atoms, which may be induced by
the incorporation of a noble metal into the framework of
NHTS.

The intraframework, isolated, tetrahedral Ti*" ions in
NHTS are further verified by UV/Vis spectroscopy [Fig-
ure 1(c)]. It can be seen that the main UV absorption band
is at 210 nm, which clearly shows the existence of intrafra-
mework, isolated, tetrahedral Ti** ions.'>! One broad ab-
sorption band centered at about 480 nm, assigned to the
absorption of a noble metal species,!'®! also appears. This is
consistent with the observations of Shetti et al.'®! and also
proves that the noble metal species are included in NHTS.

Pd in the zero oxidation state exhibits XPS Pd 3d peaks
at a binding energy of 335.0 eV, while PdO (+2 oxidation
state) at 336.8 eV.['1 XPS Pd 3d peaks of NHTS are at a
binding energy of 335.2 eV [Figure 1(d)], which indicates
that the oxidation state of Pd in NHTS is more likely to be
zero, Pd®. As the values of the binding energy differ slightly,
there may be some interactions between Pd and the titano-
silicate matrix, which leads to a slight change in the elec-
tronic structure of Pd.
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The TEM micrograph of NHTS is shown in Figure 2(a).
The particles of NHTS have an average particle size of
0.3 um. The majority of particles exhibit a hollow structure
(with intraparticle voids), while TS-1 has a solid structure
(not shown here). The above phenomena also show that the
semi in situ process leads not only to the introduction of
Pd into NHTS, but also to the formation of intraparticle
voids, which is proved further by N, adsorption/desorption
isotherms measurements. Furthermore, the TEM image
does not show any obvious characteristic particles of pure
Pd species, which indicates the very high dispersion of Pd

in NHTS. This result is in agreement with the XRD analy-
sis.[18:19]
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Figure 2. (a) TEM image and (b) N, adsorption/desorption iso-
therm of NHTS.

It can be seen from Figure 2(b) that NHTS shows typical
adsorption/desorption curves of type IV (according to
IUPAC classification) with an obvious hysteresis loop,
which suggests that NHTS has a hollow structure.”? The
porous parameters such as total BET surface area and pore
volume of NHTS are given as 416 m?*/g and 0.31 cm?/g,
respectively; the values for the corresponding microporous
parts are 380 m?/g and 0.17 cm?/g, respectively.

The “semi in situ” synthesis procedure, the role of surfac-
tant, and the formation of voids in the NHTS crystals are
illustrated by a simplified scheme (see Scheme 1). The Si
source, Ti source, Pd source, etc. have not been added in
the same step, therefore the whole synthesis process is
named “semi in situ”. The intraparticle voids in the NHTS
crystals are formed during the dissolution—recrystallization
reprocess,l’] and the role of surfactant is as a protective
agent, so as to avoid the aggregation of noble metal par-
ticles deoxidized by the reducing agent.

TS-1 and Pd particles are not catalytically active in the
epoxidation of propylene under the conditions used, while
NHTS exhibits a high activity. For example, after 1 h, the
catalytic activity (propylene oxide concentration, Cpg) 1S
2.6%, and the selectivity is 92.5% (the selectivity for propyl-
ene oxide, Spo; the other two products are propylene glycol
monomethyl alcohol ethers and 1,2-propanediol). More-
over, higher epoxide yields are obtained with longer reac-
tion times, for instance, after 6 h, the value of Cpo for
NHTS is 3.6%, and the Spg selectivity decreases slightly to
90.1%. At the same time, the formation of HP from H, and
O, under the reaction conditions was proven directly in a
separate experiment without the addition of propylene, it
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Scheme 1. Simplified scheme of the “semi in situ”

NHTS and the role of surfactant.

synthesis of

can therefore be deduced that the formation of HP could
occur over the Pd particles, while propylene epoxidation oc-
curs over the Ti species in the framework of NHTS. This
may indicate that TS-1 has no catalytic activity since it only
contains Ti and therefore could not form HP from H, and
O, in situ and that Pd particles also have no catalytic ac-
tivity since it has no Ti species to epoxidize propylene. This
also proves that the direct propylene epoxidation process
involves onsite HP production followed by the oxidation of
propylene to PO by HP. It can be expected that the TS-1[1%]
would be active if it was impregnated with Pd (denoted as
Pd/TS-1), but the catalytic activity of Pd/TS-1 (Cpo value
of only 0.7% for 1 h and 1.9% for 6 h) is not comparable
to that of NHTS. The results show that NHTS exhibits a
higher catalytic performance, can catalyze more propylene
and yield more PO. This phenomenon can be attributed not
only to the stable incorporation of a noble metal into the
framework of titanium silicalite during the semi in situ syn-
thesis process, but also to the hollow structure of NHTS
formed during the process. The results have also shown that
NHTS with a hollow structure is an excellent catalyst for
the preparation of PO by means of direct oxidation technol-

ogy.

Conclusions

NHTS, a new hollow titanium silicalite structure with a
noble metal incorporated into it, was synthesized by the
addition of a noble metal to a mixture of tetraethyl ortho-
silicate and tetrabutylorthotitanate, with the formation of
an intermediate, under basic conditions. The semi in situ
synthesized NHTS exhibits a very ordered MFI topological
structure, which is hollow, with a noble metal incorporated
into it. This structure type makes NHTS useful, with poten-
tial application in industry for use in catalytic oxidations.

Experimental Section

Synthesis: All reagents were of analytical grade and used as re-
ceived. NHTS was synthesized in a semi in situ manner according
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to the following steps. (1) Tetraethyl orthosilicate (TEOS, 36 g) was
mixed thoroughly with tetrapropylammonium hydroxide (TPAOH,
14.5 g) solution and distilled water (110 g). After hydrolysis at
75 °C for 2 h, a solution of tetrabutylorthotitanate (TBOT, 0.8 g)
and 2-propanol (9.1 g) was added whilst stirring. The mixture was
stirred at 75 °C for 3 h and then transferred into an autoclave at
170 °C for 2 d. The crystallization mixture was filtered, washed
with distilled water, dried at 120 °C for 3 h, and calcined at 550 °C
in air for 4 h. An intermediate was obtained. (2) The intermediate
was mixed with hexadecyltrimethyl ammonium bromide (CTAB)
and a TPAOH solution containing PdCl, and NH;H,O in a weight
ratio (in g) of 100:10.0:0.1:1.0:4.5:250 for intermediate product/
TPAOH/CTAB/PACI,/NH;-H,O/water. After stirring the mixture
for 2 h, N,H4H,O was added. The mixture was then transferred
to an autoclave and the reaction was carried out at 180 °C for 36 h.
After cooling and depressurizing, routine filtration, washing, dry-
ing and calcination at 550 °C in air for 5 h, NHTS was obtained.

Characterization: X-ray fluorescence analysis (XRF) was per-
formed on a Rigaku 3271E X-ray fluorescence spectrometer. Pow-
der X-ray diffraction (XRD) patterns were recorded on a Siemens
D5005 diffractometer. Fourier Transform Infrared (FTIR) spectra
were recorded on a Nicolet 8210 infrared spectrometer. Diffuse re-
flectance UV/Vis (UV/Vis) spectra were obtained with a spectrome-
ter Perkin—Elmer Lambda 20 UV/Vis spectrometer. Transmission
electron microscopy (TEM) experiments were performed with a
Tecnai G?F20S-TWIN electron microscope. The nitrogen iso-
therms were measured by using a Micromeritics ASAP 2010M sys-
tem, specific surface areas were determined from the linear part of
the multipoint BET equation and by the t-plot method, and the
pore volumes (total, micropore and mesopore) were calculated
from the isotherms by BJH and by the t-plot method. X-ray photo-
electron spectroscopy (XPS) was performed with a PHI Quantera
Scanning X-ray Microprobe.

Catalytic Test: Catalytic tests were performed in a stainless steel
autoclave lined with a Teflon beaker. The catalyst (1.0 g), methanol
(40 g), and deionized water (2 g) were charged to the reactor. When
the pressure reached 0.8 MPa after propylene was fed into the reac-
tor, the vessel was pressurized with hydrogen and oxygen (mol ratio
1:1) successively until the pressure in the reactor reached 2.0 MPa.
The slurry was heated from room temperature to 40 °C under pres-
sure and with vigorous stirring. The reactor was kept at 40 °C for
1h and 6 h, and then was cooled down to a temperature below
10 °C. At the end of the reaction, the catalyst was filtered off. The
liquid phase analysis was performed on an Agilent 6890N gas chro-
matograph (GC).
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